Photons produced in the pre-equilibrium/pre-hydro stage of the quark-gluon plasma produced in relativistic heavy-ion collisions were computed using parton distribution functions obtained from solutions of the Boltzmann equation. The effect of the initial gluon momentum anisotropy ξ and the dependence on the saturation momentum Q s was investigated. We see that small Q s results in a photon yield enhancement, whereas a larger Q s results in a pre-equilibrium photon suppression, owing to the strict constraint of matching to experimental energy density.
Introduction
Experiments at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron Collider (LHC) have revealed an exotic form of matter: the quark-gluon plasma (QGP) [1] . The evolution of QGP can be broadly categorized into pre-equilibrium, hydrodynamics, and hadronization stages. Much research has gone into the hydro and freeze-out stages of this system, but more work is now being devoted to the pre-equilibrium phase, which is the focus of this work. We define pre-equilibrium QGP as a dense system of gluons produced in a time scale of order t ∼ 1/Q s , where Q s is the saturation momentum which characterizes the initial wave functions of the nuclei [2] . This system evolves as quarks and anti-quarks are created dynamically through gluon fusion.
In contrast to other probes like QCD jets [3] , photons produced in heavy-ion collisions can escape relatively unscathed as the electromagnetic interaction is much weaker than the strong interaction which governs the QGP evolution -α/α s 1, where α and α s are the fine structure and strong coupling constant respectively. Therefore, the experimental observable chosen to characterize the initial state of relativistic heavy-ion collisions is photon production [4] . To do this, momentum distribution functions of partons are required which appear as solutions of the Boltzmann equation.
Evolution of pre-equilibrium QGP and Boltzmann Equation
The parton populations f g/q are calculated by solving the Boltzmann equation
where C g/q are the collision integrals for 2 ↔ 2 scattering processes. Quarks and anti-quarks are described using the same transport equation. Using the framework of the diffusion approximation, which assumes small angle scatterings between constituents, the collision integral is simplified as a Fokker-Planck diffusion term
where J and S are the effective current and source terms [5] . The early time evolution of the QGP is dominated by a longitudinal expansion, which is described using the Bjorken model. The system is initialized at t 0 Q s = 1. Pure gluons are described by the gluon distribution function [6] inspired by the colour glass picture
with initial anisotropy ξ, where ξ = 1.0 is a perfectly isotropic system. The energy density, initially dominated by gluons, can be manipulated to obtain [7] 
and A T is the transverse area from Glauber calculation [8] . This expression is matched to experimental dE/dη to determine the initial gluon population f 0 . It should be noted that this matching is compatible with fitting to the multiplicities at a late evolution stage [7] . We match to experimentally determined dE/dη for three systems: RHIC at 200 GeV, LHC at 2.76 TeV, and LHC at 5.02 TeV. We vary Q s from 1-2 GeV and look at different ξ values to quantify the effect on the photon yield.
Photon Production in Pre-Equilibrium QGP
The production rate of photons can be derived starting with the expression
with the degeneracy factor N absorbed into the amplitude |M| 2 . This expression includes both the Compton scattering and quark/anti-quark annihilation channels and is simplified using the small angle approximation. This approximation, which assumes low momentum transfer between scattering particles, gives
where the Coulomb Logarithm
is a divergent integral related to the strong coupling constant. Realistic simulations take the logarithm L dynamically by quantifying the UV q max and IR q min cutoffs [9] . In this calculation, L is determined numerically by matching to leading order AMY [10] rates. Performing a change of variables to account for a non-zero value of η, an integration over η and τ gives the final expression for the photon yield. Using in the pre-equilibrium distribution functions computed as described earlier, the pre-equilibrium photon yield is determined.
Results
As mentioned previously, the initial gluon population is computed using Eq. (4) which matches to experimental values [11, 12, 13] of dE/dη. We look at three cases: RHIC at 200 GeV and LHC at both 2.76 TeV and 5.02 TeV. One goal of this work is to investigate the effect of both Q s and ξ on the photon yield. Thus, we choose two values of Q s : 1 and 2 GeV, and three values of ξ: 1.0, 1.5, 3.7. We use ξ ≥ 1.0 which gives P L /P T ≤ 1.0, where ξ = 1.0 is perfectly isotropic, ξ = 1.5 gives a slight deviation from isotropy, and ξ = 3.7 gives an initial P L /P T = 0.1. As Q s = 1 GeV is a bit low for the LHC energies, we also look at Q s = 2 GeV. However, note that the value of f 0 ∝ Q −3 s , which implies that doubling Q s from 1 to 2 Gev will decrease the value of f 0 by a factor of 8 and therefore lower the photon yield. To investigate how the addition of pre-equilibrium photons compares to experimental data from both PHENIX and STAR, hydro and pQCD photons [14] are added. In Fig. 1 , the black dotted lines show the pQCD photons, the black dashed lines show the hydro photons which here have an initialization time of 0.8 fm/c, and the orange dashed lines show the sum of the pQCD and hydro photons. In blue, the preequilibrium photons have been added to the sum of the pQCD and hydro photons. On the left side of this figure, we see that this addition increases the total photon yield by about 40% at p T = 1 GeV and is in good agreement with STAR data but undershoots PHENIX data.
For the LHC, we see that the addition of the pre-equilibrium photons increase the total photon yield by 80% at p T = 1 GeV which is in good agreement with experimental data from ALICE when taking Q s = 1 GeV. However, since Q s = 1 GeV is low for the LHC, we also look at Q s = 2 GeV shown on the right side of Fig. 1 . In this case, we see a suppression in the photon yield due to the strict constraint imposed by fixing to experimental energy density, which decreases the f 0 value as Q s is increased. Figure 2 shows a prediction for the photon yield for LHC at √ s NN = 5.02 TeV. As before, the addition of pre-equilibrium photons enhances the total photon yield by about 80% when Q s = 1 GeV. However, when Q s = 2 GeV, we only see an enhancement of about 4%. This is again due to fitting our calculation to experimental energy density, which places a strong constraint on the pre-equilibrium photon yield.
Conclusion
In summary, the photons produced in the pre-equilibrium/pre-hydro stage of QGP have been quantified and the effects of the initial momentum anisotropy as well as the dependence on the saturation momentum Q s was investigated. When Q s = 1 GeV, we see that the total photon yield is enhanced by ∼40% at RHIC energies and ∼80% at both LHC energies. However, when Q s = 2 GeV, we see that the pre-equilibrium photons are suppressed, owing to the strict constraint of matching to experimental energy density, which causes the initial gluon population to decrease by Q 3 s . Our results therefore show that the pre-equilibrium photon yield can provide precious information about Q s and ξ.
